Quadratic models have been very popular for describing the crop response to fertilization, but they tend to N rates, (ii) coefficients of determination (R 2 ) and standard errors of the estimate (SE), (iii) trends in differences between measured and calculated data, and (iv)
Our objective was to compare and evaluate three statis- N rates, (ii) coefficients of determination (R 2 ) and standard errors of the estimate (SE), (iii) trends in differences between measured and calculated data, and (iv) N itrogen fertilization recommendations must oppotential economic losses associated with making incortimize crop yield and quality, maximize profitabilrect decisions when a response model was selected from ity, and reduce the risk of environmental pollution. Feramong others. This is part of a larger study aimed at tilizer recommendations are usually based on field trials developing field-specific recommendations based on the that determine the crop response to various rates of relationship between optimal N rates and spring soil nifertilizer application. Data from fertilizer studies can be trates. fitted to several statistical models to determine optimum fertilizer rates. The selection of the most appropriate MATERIALS AND METHODS model for a particular cropping situation is not obvious Field Experiments (Bock and Sikora, 1990; Angus et al., 1993; Bullock and Bullock, 1994) . In addition, model selection has
The experimental data used in this study and the conduct considerable effects on estimating optimal fertilizer of the experiments were previously reported by Bé langer et rates. For example, different models fitting one data set al. (2000) . Briefly, the study was conducted at four on-farm can give comparable coefficients of determination (R 2 ) sites in each of three years (1995 to 1997) in the upper StJohn River Valley of New Brunswick, Canada. The sites are but different optimal fertilizer rates (Cerrato and Blackreferred as S1 to S4 in 1995 , S5 to S8 in 1996 , and S9 to S12 mer, 1990 Isfan et al., 1995) . Although several statistical in 1997. At each site, soil cropped to two potato cultivars models are commonly used to describe the crop yield (Russet Burbank and Shepody) received 0, 50, 100, 150, 200,  response to fertilizer rates, the choice of one model over and 250 kg N ha Ϫ1 as ammonium nitrate, which was placed another is rarely explained.
in a band 2 cm to the side of and 2 cm below the seed piece at planting. At each site, the experiment consisted of two large (Bé langer et al., 2000) .
and n is the number of observations. At harvest, total and marketable tuber yields were deterThe analysis of residues (measured yields Ϫ calculated mined. Marketable tuber yield was determined as total tuber yields) for total and marketable yields with and without irrigayield minus small tubers and defects. Defects consisted of tion was also used as a criterion to evaluate the three models. roughs and tubers with hollow heart, brown center, stem-end
The residues were reported as a function of either the rate of discoloration, insect and wireworm damage, sunburn, and rot.
N applied or the deviations from the economic optimum N Data from the two cultivars were combined, since the analysis rates. In addition, a statistical test, based on the values of two of variance indicated no significant cultivar ϫ N fertilization parameters W and P (Shapiro-Wilk test, Delong, 1985) , was interaction (Bé langer et al., 2000) .
used to determine whether the residues of each of the models were normally distributed.
Models
The potential economic losses or gains from the incorrect selection of the model were calculated to determine which of To describe the potato yield response to N fertilizer, three the three models was the most suitable. The potential ecostatistical models (quadratic, exponential, and square root) nomic losses or gains were calculated as the difference between were fitted to the data using the NLIN procedure of the SAS the gains or losses associated with the use of less or more N software (SAS Inst., 1990) . Economically optimum N fertilizer fertilizer, and the gains or losses associated with reduced or rates for the three models were computed for total and marketincreased yield. For example, using the exponential model able tuber yields within each site with and without irrigation. when the quadratic model is correct results in an economic The N op (kg N ha
Ϫ1
) is defined as the rate of N application gain associated with the use of less N fertilizer but in an where $1 of additional N fertilizer returned $1 of potatoes, economic loss associated with a reduced yield. For each site, and it describes the minimum rate of N application required and for total and marketable yield with and without irrigation, to maximize economic return (Colwell, 1994) . This analysis we calculated the difference in yield and N rate when an assumes that fertilizer N costs are the only variable costs and incorrect decision was made in selecting one model from that all other costs are fixed. The N op was calculated by setting among others. The economic losses or gains were then estithe first derivative of the N response curve equal to the ratio mated using a cost of $0.86 kg Ϫ1 fertilizer N and a price of between the cost of fertilizer and the price of potatoes for the $143 Mg Ϫ1 potato tubers. For example, if the quadratic model three tested models. The ratio of the cost of N fertilizer ($0.86 is correct but the exponential model was used to estimate N op , kg Ϫ1 N; all values presented are in Canadian dollars) to the the yield was calculated using both exponential and quadratic price of potatoes ($143 Mg Ϫ1 tuber) was 0.006 and was referred models with the N op calculated by the exponential model. to as CP.
The difference in calculated yield between the two models For the three statistical models, Y is the tuber yield in Mg represents the yield loss or gain. The difference in N rate is ha Ϫ1 (total or marketable), N is the N fertilization rate in kg calculated as the difference between N op values estimated by N ha Ϫ1 , and a, b, and c are parameter estimates using the the two models. Average losses or gains were then calculated NLIN procedure of SAS (SAS Inst., 1990) . The quadratic by adding losses and gains of all sites and dividing by the model is number of sites used. A positive value is considered a gain and a negative value represents a loss.
and N op is calculated as
RESULTS AND DISCUSSION
The response to N fertilizer was reported by Bé langer (Colwell, 1994) .
greater than that of the exponential model at all sites. between those calculated by the quadratic and exponen-R 2 ϭ 1 Ϫ (residual SS/corrected total SS), where SS is the sum of squares. The SEs of total and marketable yields for tial models at most sites. In general, when data for mar- and Bullock, 1994) where the large variation in N op was When all models were considered, the average N op related to inappropriate model selection. Cerrato and across sites with irrigation varied between 82 and 184 kg Blackmer (1990) pointed out the potential economic N ha Ϫ1 for total yield, and between 97 and 172 kg N ha
Ϫ1
and environmental importance of selecting the best response model when making fertilizer recommendations. The higher N op obtained with the quadratic model is in agreement with results reported in the literature (Bock and Sikora, 1990; Cerrato and Blackmer, 1990) . The quadratic curve must be symmetrical around its maximum (Fig. 1) , which may lead to higher optima (Neeteson and Wadman, 1987) . The exponential response curve, however, may have its optimum at low fertilizer N rates (Nelson et al., 1985; Neeteson and Wadman, 1987) . In a study conducted in 99 sites in the Netherlands with potato and sugar beet, Neeteson and Wadman (1987) reported that N op varied largely with the two tested models and that higher values were obtained with a quadratic than a modified exponential model.
The N op was 28 kg N ha Ϫ1 greater with irrigation than without irrigation for marketable yield when the exponential model was used (Table 1) , but the difference was only 8 kg N ha Ϫ1 for total yield. The largest (72 kg N ha
) and marketable (48 kg N ha Ϫ1 ) yields. With the quadratic model, the average N op for total and When considering only the sites (S1, S2, and S9) where the yield response to irrigation was Ͼ9 Mg ha Ϫ1 (Bé -marketable yield was similar for potato grown with and without irrigation. In this study, however, 60% of the langer et al., 2000) and for which N op was estimated, the N op for both marketable and total yield was 35 kg N sites had no significant interaction between irrigation and N fertilization and there was no yield response to ha Ϫ1 greater with irrigation than without irrigation when the quadratic model was used. Under the conditions of irrigation at 4 of the 12 sites (Bé langer et al., 2000) . Table 1 ) or when N op values were Ͼ250 kg N ha Ϫ1 . this study, N requirements were greater when there was is illustrated by the data obtained at S2, for which the calculated N op varied between 41 and 151 kg N ha Ϫ1 a strong positive response to irrigation. Furthermore, both the quadratic and exponential models revealed (Fig. 1) . The coefficient of determination is, therefore, a poor criterion for selecting a model to identify economic only minor differences in N requirements for total or marketable yield.
optimum rates of N fertilization; this agrees with other studies (Cerrato and Blackmer, 1990; Colwell, 1994) .
Coefficient of Determination
Greater R 2 values were observed with irrigation than without irrigation, indicating the large variability of The three models explained a large proportion of the yield data when potato is grown under water stress. variability as indicated by coefficients of determination Ͼ0.70 in most cases. Indeed, 79% of R 2 values were Standard Error of the Estimate Ͼ0.70 (Table 2 ). In general, there was little difference between R 2 values obtained by the three tested models. The standard error of the estimate varied greatly among sites and models (Table 3 ). The quadratic model With similar R 2 values, however, a large variation in calculated N op was obtained with the three models. This consistently had the lowest SE values for both total and marketable yields with and without irrigation. The values, and points below the horizontal line indicate the exponential and square root models had some SE values inverse case. According to a statistical test (Shapiro-Ͼ3, especially when no irrigation was applied (Table 3) .
Wilk test, Delong, 1985) , the residues from the square The SE varied between 0.65 and 3.24 for the quadratic root model did not have a standard normal distribution model, 0.24 and 11.74 for the square root model, and (W ϭ 0.68; P Ͻ 0.001). The quadratic model had a 0.32 and 12.70 for the exponential model.
higher W (W ϭ 0.98; P ϭ 0.82) than the exponential model (W ϭ 0.90; P ϭ 0.49). Hence, the distribution of
Distribution of Residues
residues of the quadratic model was closer to a normal distribution than that of the exponential model, and the To be reliable, models should not have any systematic square root model did not give a valid description of bias; therefore, the regression residues should have a the yield response. This analysis of residues highlights normal distribution. An example of the analysis of rethe importance of model selection to describe the yield gression residues is shown for total yield without irrigaresponse to N fertilizer and illustrates that the quadratic tion (Fig. 2a, 2b, and 2c) . Points above the horizontal line (residue ϭ 0) indicate measured values Ͼ calculated model was generally more reliable than the two other this study.
Nonirrigated marketable yield
The residues for each site-year are also presented as
a function of the deviations from the economic optimum Square root Ϫ201 Ϫ13 0 N rates (Fig. 3a, 3b, and 3c ). The economic optimum 
Economic Analysis
data with less bias than the other two models, and calculated N op values that minimize the risks of potential Potential economic losses resulting from an incorrect economic losses. We conclude that the quadratic model selection of a response model ranged from $6 to 441 is best suited to describe the yield response of potato ha Ϫ1 (Table 4) . In all situations, losses were observed to N fertilizer and to predict the economic optimum N when the quadratic model was the most appropriate rates for areas with a ratio of the cost of N fertilizer to model but the data were fitted to the exponential or the price of potatoes similar to that in Atlantic Canada. the square root model. As an example, for total yield without irrigation, less N fertilizer and lower yields are
